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J. Phys. France 51 (1990) Blends [1, 2] or solutions [3] of diblock copolymers are a classic example [4] of systems undergoing a microphase separation transition (M.S.T.). At high temperatures the mixing entropy of the two blocks is enough to overcome the natural tendency for separation as dictated by the positive heat of mixing of monomers A and B. Thus the system is isotropic for such temperatures. Under cooling, a point is reached where separation is favoured over mixing and the two blocks tend to stay as far apart as possible in order to reduce the number of A-B contact points. However, since they are chemically bonded, a macroscopic phase separation is not possible as it would be in the case of blends or solutions of two chemically different polymers. The connectivity implies that the structures which the polymers are able to form have a typical size of the order of the radius of gyration of the chains RG. Consequently, the Fourier transform of the two point correlation function, S(k), shows a well-pronounced peak at k = k [ = ko -RG 1, where it can be approximated by T being is a temperature-like control variable.
Several different ordered structures can result from the M.S.T., depending upon the asymmetry of the diblock copolymer (usually measured by the ratio of the chemical lengths of the blocks, f = NA/NB). Very asymmetric copolymers tend to form spherical objects, Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:0199000510160173300 packed in a three-dimensional body-centre cubic lattice. For smaller asymmetries the tendency is to form cylinder-like aggregates, packed in a two-dimensional hexagonal lattice, or one dimensional lamellar structures. More exotic phases, such as bicontinuous ordered structures, have been also reported [5] .
Many other systems, like lyotropic liquid crystals [6] [7] [8] [9] or microemulsions [10] [11] [12] undergo a microscopic mesophase separation as well. Here the asymmetry is a more complicated function of the system parameters. For microemulsions, for example, the intrinsic asymmetry is controlled not only by the spontaneous curvature of the surface of an ordered domain but also by the ratio of water and oil contents. In suitable systems, hexagonal liquid crystalline phases, as well as lamellar (smectic) ones, are seen [13] . The onset of the ordering at finite values of wave vector has also turned out to be a useful tool in explaining the phase transitions observed in colloidal crystals [14] or even in convective systems [15] (Rayleigh-Bénard instabilities).
In all these cases the transition is second order or weakly first order and this has motivated a description of the M.S.T. based upon a Landau-Ginsburg free-energy, which is expected to correctly account for the phase diagram in the regions close to the transition lines. At the level of the mean-field approximation the isotropic-lamellar transition is predicted to be second order [ 16, 2] for symmetric systems (for instance, for diblock copolymers which have blocks of equal lengths or for microemulsions with no spontaneous curvature and equals amounts of water and oil). Taking into account the role of fluctuations at the Hartree level [17] leads to a negative shift into the temperature at which the transitions occur [ 17, 1] : under cooling, the fluctuations delay the ordering. Furthermore the transition becomes first order even for symmetric systems and the spinodal point is shifted formally to an infinite negative temperature T.
As mentioned above, when the system approaches the transition the fluctuations of the order parameter become large. Since the microscopic mobility remains essentially unchanged, this means that the lifetime of such fluctuations, also becomes large near the transition. It is then interesting to investigate the effect of a dynamical perturbation imposed on the system, because the relaxation frequencies become experimentally accessible [18, 19] . The In a recent letter [20] Cates and Milner investigate the role of a shear-flow on the isotropiclamellar phase transition. Their results show that the transition temperature increases with shear rate and, for large enough shear rates, approaches exponentially its mean-field value. Hence, close to the static transition temperature, there is a region where the disordered homogeneous phase becomes unstable to a lamellar phase at high enough shear rate. Cates and Milner argued that the lamellar phase should order in the direction which better avoids the constraints of the flow, i.e., with the wavevector perpendicular to both the flow and its gradient.
Obviously, two dimensional structures are also good candidates for phases that can arise under shear flow conditions. In this paper we study the formation of a two-dimensional hexagonal phase, and the corresponding isotropic-hexagonal (I-H) and hexagonal-lamellar (H-L) phase transitions. In section 2 we review some well known results on the M.S.T. within the framework of both a mean-field [2] and the Hartree approximation of Brazovskii [17] . [17] who shown that, within a self-consistent Hartree approximation, the thermodynamic potentials for the lamellar and hexagonal phases are where a = k20/ (4 TT). The renormalized inverse susceptibilities of the isotropic (ro), lamellar (r l ) and hexagonal ( rh ) phases satisfy the following equations [1, 17] :
The difference to the mean-field picture resides in the presence of the u-terms and it is easy to check that by formally setting a = 0, the potentials (2.7) reduce to their mean-field form. These terms are the explicit contributions of the fluctuations, self-consistently calculated from where S(k) = [ri + (k -k o )2 ] -1. The phase diagram can be obtained, as in the preceding section, by minimization of these three thermodynamic potentials and by comparison of their values at the minimum [1] . We summarize in figure 2 the results plotted in the' plane T, u where T = Ta -2/3 À -2/3, fi = À -5/6 a -1/3.
There are two main differences with the mean-field phase-diagram. First, the isotropiclamellar phase transition is shifted to negative values of the temperature (Tc = -2.03 ) and the transition is first order even for symmetric systems. This can be easily seen from the equation for the renormalized susceptibility in the homogeneous phase. Indeed, the spinodal line, given by ro = 0 is shifted to T = -oo . In the symmetric case the lamellar structure first appears from the isotropic phase with a finite amplitude ai = 1.45 a 1/3 À -1/6.
The second difference is the existence of a finite region of small g for which the hexagonal phase is never stable. Only for asymmetries larger than fic = 0.564 does this structure appear. We now investigate how an applied shear flow modifies the M.S.T. described above. We closely follow a previous letter of Cates and Milner [20] , and the works of Frederickson [22] and Onuki [23] . The [24] if the Onsager mobility coefficient (k) = k2 K (k) is approximated by its value C at ko. To completely solve this equation in steady state (ap {4&#x3E; (k, t)} lat = 0) is a rather formidable task, since the functional derivative of the free-energy include terms up to third order. Two main approximations will be used to deal with this strong nonlinearity. [22, 23] The method of characteristics gives a formal solution [19, 22] which reads with k ( t ')2 = k2x + (ky + Dt' kX/2)2 + k2Z. This shows clearly the origin of the distortion in the correlation function S(k ). The [20, 23] . Using this approach one finds for the susceptibility S(k) the following interpolation formula [20, 23] with b a constant of order unity. This leads to the fluctuation integral [20] (Fig. 2) and mean-field (Fig. 1) phase-diagrams.
The g-= 0 plane (Fig. 3) corresponds to the situation previously analyzed by Cates and Milner [20] . This situation arises for completely symmetric systems, and the only two possible phases are the lamellar and the isotropic. The I-L transition temperature f departs continuously from Te = -2.03 for zero shear rate, to reach the infinite shear rate value of Te = 0. in the region of small flow rate the first correction to the temperature is quadratic in the flow rate Fig. 3. -Role of the shear rate in the isotropic-lamellar phase transition for symmetric systems /à7 = 0. As the shear rate â goes to large values the I-L line exponentially approaches the spinodal Ts. The transition remains first order [20] . For (Fig. 4) . (Fig. 5) The special geometry of the phase diagram near the static triple point allows for a very interesting situation where the same isotropic system can transform either into the lamellar or into the hexagonal phase according to whether is cooled or sheared. The optimal position in the static phase diagram (A = 0 ) to observe this particular behaviour is for à smaller than but close to the triple point value (uc = 0.56), and for temperatures such that f is greater than but close to its I-L value Te = -2.03.
4. Applications to copolymer and surfactant systems.
The results presented above determine the effect of shear on systems whose phase transitions are well described by a Landau-Ginsburg expansion with small quartic nonlinearity A. In this sense they can be straightforwardly applied to blends of diblock copolymers and, with some extra input from experimental results, to microemulsions. We believe also that the explanation of flow induced striped phases in colloidal crystals [14] may well be related to the present work, but a detailed discussion of this is beyond our scope. The same remark applies to the possibility of hexagonal crystalline order being induced by shear in wormlike or rodlike micellar systems [26] . It is already clear from the FH paper (see also Refs. [22, 27] [12] within a random mixing approximation. This free-energy depends on four independent parameters : 0 the volume fraction of water; os the volume fraction of the surfactant (which resides in the surface dividing the water and oil domains) ; 6 =03BEk/a where ek is the persistence length of that surface and a its thickness, and Xo which is the ratio of the persistence length to the spontaneous radius of curvature of the interface. By minimizing this free-energy the authors obtain a phase diagram which qualitatively explains the main features of microemulsions. We now concentrate on the region of the phase diagram where only one isotropic phase is present (avoiding the complexity of coexisting oil-rich and water-rich phases). Specializing to the role of the fluctuations in the water/oil contents we expand the free-energy G (Q, Qs , Xo, d) in powers of the order parameter 03C8 = ~ 2013 ~ and its gradients where f = a) (I)G ( cf&#x3E; ) 1 cfJ =~. Here 0-is the average value of the water contents in the homogeneous disordered phase and 0 its spatially dependent value in an ordered phase. The coefficients f3 and f4 can be identified with parameters IL and À of equation (3 .1 ). Parameters A and B can be eliminated in favour of experimentally determined quantities, namely' the maximum of the susceptibility (at the static transition) S(ko), the wavevector ko for which it occurs and the compressibility f 2 = S-1 ( o ) . It is thus easy to estimate the asymmetry parameter g where /3 = S(0 ) /S(ko), a coefficient which for microemulsions is of order unity [29] . Within the framework of the model of Andelman et al. the value of ko is of the order of [29] 7TCPs/(6 (1 -~))». We display in figure 7 [12] ). The value of il can be easily in the region of gc even for relatively small asymmetries of the water/oil contents.
Conclusions.
In this paper we have studied the effect of shear on the transition from isotropic (I) to hexagonal (H) and lamellar (L) phases in weakly ordering systems, such as block copolymers, microemulsions, and lyotropic surfactant. The work differs from earlier studies [20] [22] , and that of the transition temperature) so as to obtain a quantitative test of the theory. (The measurement of a dynamic structure factor in the absence of flow would also give the needed information.) The accuracy of our approach of course depends on the correctness of the Hartree approximation ; roughly speaking this is valid near the transition to whatever extent there is a large peak in the structure factor (S(ko) IS(O) = f3 -1 &#x3E; 1 ) . By this measure, we expect close agreement for block copolypers [1] but only qualitative validity in the microemulsion case, for which f3 values of order 0.5 are more typical.
